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Kinetics of the B1-B2 phase transition in KCl has been investigated under various compression

rates (0.03–13.5 GPa/s) in a dynamic diamond anvil cell using time-resolved x-ray diffraction and

fast imaging. Our experimental data show that the volume fraction across the transition generally

gives sigmoidal curves as a function of pressure during rapid compression. Based upon classical

nucleation and growth theories (Johnson-Mehl-Avrami-Kolmogorov theories), we propose a model

that is applicable for studying kinetics for the compression rates studied. The fit of the experimental

volume fraction as a function of pressure provides information on effective activation energy and

average activation volume at a given compression rate. The resulting parameters are successfully

used for interpreting several experimental observables that are compression-rate dependent, such as

the transition time, grain size, and over-pressurization. The effective activation energy (Qeff) is

found to decrease linearly with the logarithm of compression rate. When Qeff is applied to the

Arrhenius equation, this relationship can be used to interpret the experimentally observed linear

relationship between the logarithm of the transition time and logarithm of the compression rates.

The decrease of Qeff with increasing compression rate results in the decrease of the nucleation rate,

which is qualitatively in agreement with the observed change of the grain size with compression

rate. The observed over-pressurization is also well explained by the model when an exponential

relationship between the average activation volume and the compression rate is assumed. VC 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940771]

I. INTRODUCTION

Understanding kinetics of phase transitions under high

pressure is fundamental in condensed matter physics, and

essential for synthesis of new materials, controlling chemical

reactions, exploring material metastability, and understand-

ing the dynamic nature of planetary interiors. High-pressure

experimental science generally consists of static and

dynamic experiments. Dynamic compression, until recently,

mainly focuses on shock experiments with extremely high

compression rates, while the compression rate of static

experiments is usually very small. The influence of interme-

diate compression rates, between the typical static compres-

sion and shock compression rates, on materials is largely

unexplored for most phase transformations.1–10 For rapid

compression, i.e., with the intermediate compression rates, it

is crucial to have an apparatus that can combine various

compression rates with in situ measurements on short time

scales. Recently, the developments of dynamic diamond

anvil cells (dDAC)1,11–13 and high-frequency area detectors

(e.g., Dectris’ PILATUS and EIGER detectors)14 have pro-

vided the possibility to study the kinetics and mechanism of

phase transformations under various compression rates with

time scales on the order of a millisecond. The use of dDACs

allows studying various rate-dependent phenomena (or proc-

esses) such as compression-rate dependent phase transition

pathways, crystal nucleation and growth, formation of meta-

stable phases, and solidification of liquid.1–3,8–10 Here, we

chose potassium chloride (KCl) to study the kinetics of the

B1-B2 phase transition at various compression rates using a

dDAC13 and time-resolved x-ray diffraction techniques14

recently developed at the High Pressure Collaborative

Access Team (HPCAT) at the Advanced Photon Source,

Argonne National Laboratory.

The B1 (sodium chloride structure) to B2 (cesium chlo-

ride structure) phase transition of KCl is a classical recon-

structive phase transition with a volume collapse of �12%

and has been studied extensively using both static high-pres-

sure15–20 and shock-wave techniques.21–24 Corresponding

phase transition mechanisms have been identified to describe

the B1 to B2 phase transition. In static experiments, Hamaya

and Akimoto15 studied the kinetics of the B1-B2 phase trans-

formation in KCl at constant over-pressurization levels.

They found that the nuclei of the high-pressure B2 phase

formed on the grain boundary and surface in the relatively

low over-pressure range, while nuclei formed in the grain in-

terior in the large over-pressure range, i.e., the nucleation

mechanism changes from heterogeneous nucleation under

low over-pressurization to homogeneous nucleation under

high over-pressurization. In shock experiments, a high-speed

dislocation mechanism was suggested for the shock-induced

B1-B2 phase transition.25,26 In that model, the shock-

induced shear stress yields dislocation of the initial lattice

B1 which results in the development of an intermediate

structure with subsequent transformation into the final lattice

B2.25 Although many studies have been done on the mecha-

nism of the B1-B2 phase transition in the contexts of both

static compression and shock-wave experiments, there are no
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experimental data or theoretical models which explore the

mechanism of the B1-B2 phase transition at intermediate

compression rates between static and shock compression.

The purpose of this work is, therefore, to fill the gap between

two extremes with the newly developed rapid compression

and time-resolved x-ray diffraction techniques and provide a

better insight into the pressure-induced phase transition

kinetics.

In a phase transition, the transition kinetics strongly

depends on the activation energy.27–29 Various properties

and processes such as nucleation rate and growth rate are

directly connected with the activation energy barriers which

the system must overcome from metastable to stable state.

At constant pressure (P) and temperature (T), the activation

energies for the formation of nucleation (QN) and grain

growth (QG) are time independent, and the rate constant of

the phase transformation can be characterized by the

Arrhenius equation27,29,30

1=s � rate constant ¼ C0 exp ½�Q=kBT�; (1)

where Q is the activation energy in the nucleation and

growth process at P and T; kB is the Boltzmann constant; C0

is a material dependent constant; s is the characteristic time

of the phase transformation. In KCl, the transition time scale

can change from at least 4 h at 1.95 GPa to less than half an

hour at 2.13 GPa.15 The activation energy was estimated to

be 73.6 kJ mol–1 for the B1-B2 transition under compression

at 1.95 GPa and 77.4 kJ mol�1 for the B2-B1 transition under

decompression at 1.87 GPa.15 Under rapid compression, the

pressure changes with time and so do the activation energies.

The question arises about how to understand the role of the

pressure-dependent activation energies on the kinetics of B1-

B2 phase transition at different compression rates.

In the temperature-induced phase transition under rapid

changes in temperature, the concept “effective activation

energy” (or similarly, “total activation energy”) is introduced

to describe the kinetics process of the phase transition as a

whole in a temperature range.31–34 Under the situation of

rapid compression, we follow a similar approach and use

“effective activation energy” instead of activation energy at

P and T to describe the kinetics of the B1-B2 phase transi-

tion. We address this in the work below.

II. EXPERIMENTAL DETAILS

Symmetric DAC with 300 lm anvil culets were used for

the dynamic experiments. KCl powder with 99.99% purity

(Alfa Aesar) was loaded into the sample chamber with a diam-

eter of �120 lm in a rhenium gasket with an indented thick-

ness of 40–50 lm. A small piece of sodium chloride (NaCl,

from Alfa Aesar) and/or gold (Au, from Alfa Aesar) was

added as pressure marker.35,36 After sample loading, the DAC

was inserted into a double-diaphragm cap-can assembly and

coupled with a piezoelectric drive with the diaphragm and pie-

zoelectric drive in compression and decompression configura-

tion, respectively (Fig. 16 in Ref. 13). In situ angle dispersive

x-ray diffraction was performed at beamline 16-ID-B,

HPCAT, Advanced Photon Source, Argonne National

Laboratory. An x-ray beam with wavelength of k¼ 0.6199 Å

or 0.6889 Å was focused into a 5� 6 lm2 (full width at half

maximum, FWHM) spot on the sample. Two-dimensional dif-

fraction images were collected continuously throughout the

compression process with a PILATUS 1M-F or EIGER 1M

prototype detector.14 For the PILATUS detector, the shortest

exposure time was 5 ms with a subsequent readout time of 3

ms (or a total acquire period of 8 ms per image). For the

EIGER 1M prototype detector, the exposure time was 1.25 ms

with negligible readout time. More details about the dDAC,

preload setup, and operating the dDAC and detectors can be

found in previous work.13,14

Three runs were carried out in the dDAC. The pressures

in the sample chamber were measured using the equation of

state of NaCl35 or Au.36 No pressure transmitting media

were used under rapid compression since alkali halides are

very soft and negligible stresses were measurable below

5 GPa.37,38 Figure 1 shows the typical x-ray diffraction pat-

terns under rapid compression with a compression rate of

0.4 GPa/s. The (200) reflection of the B1 phase of NaCl was

used for pressure determination. The precision of the pres-

sure determination from NaCl is better than 0.01 GPa due to

its small bulk modulus (23.8 GPa).35 Under rapid compres-

sion, the intensity of the (200) reflection of B1-KCl

decreases continuously with increasing pressure, while the

intensity of the (110) reflection of B2-KCl increases. The

change in the relative intensities of the (200) reflection for

B1 and the (110) reflection for B2 was used to analyze the

transformation extent at P at a given compression rate (k) in

the B1-B2 phase transition.

In investigating the B1-B2 transition of KCl under rapid

compression, the pressure was changed by linearly changing

(ramping) the voltage on the piezoelectric transducer with

different ramp rates (Fig. 2). The trapezoid waveform was

used at different ramp rates, monitored by an oscilloscope.

As an example, Figure 2 shows the relationship between

applied voltage and pressure. It should be noted that gener-

ally the pressure did not respond linearly with time though

the voltage on the transducer was changed linearly. The non-

linear change of pressure should be due to the large volume

collapse of the B1-B2 phase transition in the sample

FIG. 1. Typical x-ray diffraction patterns under a compression rate of

0.37 GPa/s with an exposure time of 30 ms for each image. The x-ray wave-

length is 0.6889 Å.
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chamber. As shown in Fig. 2, the pressure displays a hump

in increasing pressure from �2.4 GPa to �3.4 in which a

large volume collapse (�12%) occurs during the B1-B2

phase transition, while the pressure decreases almost linearly

with time from �3.8 GP to �2 GPa because there is no B2-

B1 transition which occurs at pressures below 2 GPa in the

decompression direction.

Figure 3 shows the representative time dependence of P
at various ramp rates under rapid compression. Here, we

only present data across the B1-B2 phase transition. The

time (t) is normalized by the transition time (t0) which is

defined by a coexistence of the B1 and B2 phases. t¼ 0 is

the onset transformation point where the B2 phase was first

observed in the x-ray diffraction patterns. For simplicity, we

assume that pressure has a linear relationship with time, i.e.,

P¼ k*tþP0, where P0 is the onset transition pressure and k

represents an average compression rate (GPa/s). Then, the

overall compression rate (0.03 GPa/s–13.5 GPa/s) was esti-

mated by linearly fitting the determined time-pressure data,

as shown in Fig. 3.

In addition to x-ray diffraction measurements, we also

used fast optical imaging to study the kinetics of B1-B2 phase

transition. The pressurized KCl samples are transparent for

pure B1 or B2 phases as viewed under a microscope in trans-

mitted light. During the transition process where B1 and B2

coexist, the samples exhibit visible textures due to grain boun-

daries and domains, as shown in Fig. 4 for the B1-B2 phase

transition at a given compression rate. The sample texture and

transparency was used to monitor compression-rate depend-

ence of the B1-B2 phase transition in KCl by using a high-

speed camera (Photron FASTCAM SA3) at HPCAT. The

time resolution was in the range of 0.02–8 ms depending on

the compression rates and corresponding exposure time. We

used ImageJ software to analyze data and obtain the transition

time at different compression rates. The compression rates

were estimated to be proportional to 1/Dt, where Dt was the

ramping time of the piezoelectric transducer monitored by an

oscilloscope. The starting and final pressures were determined

by the ruby fluorescence method.39

III. MODEL

A first-order phase transition is typically a combined

process of nucleation, growth, and impingement. The nuclea-

tion and growth rates are related to the activation energies

QN and QG, respectively. At constant P and T, the nucleation

and growth rates are regarded to be time independent since

QN and QG are constant. The extent of the phase transforma-

tion process (or specifically, the volume fraction of the prod-

uct phase) as a function of time can be described by the

Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation40–44

f ðtÞ ¼ 1� exp ½�btm�; (2)

where t is time, f(t) is the volume fraction at time t, b is the

rate constant, and m is the growth exponent. Because activa-

tion energies are pressure-dependent and can vary with pres-

sure under the rapid compression process, Equation (2) is not

suitable to be directly applied under rapid compression.

Several theories have been developed based on the classical

nucleation and growth theories to explain the kinetics of

temperature-induced phase transitions under rapid changes

in temperature.31,32,34,45–48 These theories are not directly

applicable for the pressure-induced phase transition because

of the different roles of pressure and temperature in the phase

transition. Here, we propose a model to analyze and describe

the kinetics of phase transitions under rapid compression.

The JMAK equation (Eq. (2)) has been used success-

fully to describe many experimental results of phase trans-

formation kinetics at constant P and T. In the case of varying

P under rapid compression, the volume fraction can be

described by44

f ðtÞ ¼ 1� exp½�xexðtÞ�; (3)

where xex(t) is the extended volume which is determined by

nucleation rate I(t) and growth rate v(t)15,32,44

FIG. 2. Ramp compression using the piezoelectric drive system. The Red

line and black triangles indicate changes of voltage in piezoelectric drive

system monitored by an oscilloscope and sample pressure marked by

NaCl,35 respectively. Note that the piezoelectric actuator was in decompres-

sion mode, such that increasing (or decreasing) voltage results in decreasing

(or increasing) pressure.

FIG. 3. Representative time-dependent pressure for the B1-B2 phase transi-

tion under rapid compression. The time is normalized by the transition time

(t0). The average compression rate was obtained by linearly fitting the data

of time and pressure. The exposure time is 300 ms for 0.034 GPa/s; 30 ms

for 0.37 GPa/s; and 10 ms for 1.58 GPa/s, 4.1 GPa/s, 8.9 GPa/s, and

13.5 GPa/s. The expanded part around t/t0¼ 0.5 is shown in the inset figure.
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xexðtÞ ¼
ðt

0

IðtÞ
� ðt

s
vðs0Þds0

�n

ds; (4)

IðtÞ ¼ I0 exp ½�ðDGc þ QNÞ=kBT�; (5)

vðtÞ ¼ v0 exp ½�QG=kBT�½1� exp ðDGv=kBTÞ�; (6)

where DGc is the critical energy barrier for nucleation depending

on the difference of the Gibbs free energy between the parent

and new phases44 (here, we assume DGc� kBT because the crit-

ical energy barrier decreases dramatically with increase of differ-

ence between Gibbs free energies in B1 and B2 phases); QN and

QG are the activation energies in the nucleation and growth proc-

esses, respectively; DGv is the difference of the Gibbs free

energy induced by the volume change associated with the trans-

formation; kB is Boltzman constant; T is room temperature

(300 K in this study); and n is the growth exponent.44 At constant

P and T, Eqs. (3)–(6) will yield the JMAK equation (2).

Here, we assume that the pressure changes linearly with

time (t), i.e., P¼ k*tþP0, where P0 is the onset phase trans-

formation pressure and k is the average compression rate

(GPa/s) obtained by fitting pressure-time data (e.g., Fig. 2).

Then, we can use P instead of t and obtain the volume frac-

tion as a function of pressure from (3) and (4)

f ðPÞ ¼ 1� exp½�xexðPÞ�; (7)

xexðPÞ ¼ k�1�n

ðP

P0

IðPÞ
� ðP

P0
vðP00ÞdP00

�n

dP0; (8)

where nucleation rate I(P) and growth rate v(P) are pressure

dependent at a given compression rate. To the first order

approximation, we assume that

DGv � DV�ðP� PtrÞ; (9)

QN � QN0 þ DVN
�ðP� P0Þ; (10)

QG � QG0 þ DVG
�ðP� P0Þ; (11)

where DV is the volume change of the phase transformation;

Ptr is the thermodynamic equilibrium pressure where Gibbs

free energies between parent and product phases are equal;

P0 is the onset phase transformation pressure where the prod-

uct phase first occurs; QN0 and QG0 are constant at given

compression rate (k); DVN and DVG are the coefficients in

the first order approximation. Substituting Equations

(9)–(11) into Equations (5), (6), and (8), we obtain

xex Pð Þ ¼ k�1�n

ðP
P0

I Pð Þ
ðP

P0
v P00ð ÞdP00

" #n

dP0;

¼ Ak�1�n

ðP

P0

exp �DVN P0 � P0ð Þ
kBT

� �

�
" ðP

P0
exp �DVG P00 � P0ð Þ

kBT

� �

� 1� exp �DV P00 � Ptrð Þ
kBT

� �� �
dP00

�n

dP0; (12)

where A ¼ v0
nI0ð Þexp �QN0 þ nQG0

kBT

� �
: (13)

Here, A is related to activation energy at a given com-

pression rate (k). n is the dimensionality of the growth, the

so-called Avrami exponent.44 Thus, the volume fraction as a

FIG. 4. An example of the B1-B2 tran-

sition in KCl using a high-speed cam-

era, with an exposure time of 0.2 ms,

showing the textured translucent

appearance of the sample during the

phase transition process. The dark

circle near the center of the sample

chamber is a ruby sphere used for pres-

sure measurement. The compression

rate was estimated to be 2.4 GPa/s.
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function of pressure depends on the following parameters: A,

DV, DVG, DVN, n, T, Ptr, and P0 at given compression rate

(k). The parameters of DV, T, and P0 can be obtained from

experiments. DV can be obtained from the volume change

(�6.8 Å3 per formula) in the phase transition. T is the room

temperature (T¼ 300 K). A Ptr value of 1.91 GPa is used,

which is from the static compression by Hamaya and

Akimoto.15 P0 can be obtained from experiments (see Fig.

10 below). Then A, n, DVN, and DVG are the only fitting pa-

rameters in the model. For homogeneous nucleation and

growth, the growth exponent (n) should be equal to 3 when

nuclei form in the grain interior and grow along three dimen-

sions.44 If nuclei form on the grain boundaries and surfaces,

nuclei grow along two dimensions and n should be equal to

2, i.e., heterogeneous nucleation.44 In practice, n could be

between 1 and 3 due to the mixture of the different nuclea-

tion mechanisms and can be obtained by fitting experimental

data. However, Equation (12) is still complicated due to the

multiple unknown parameters (A, n, DVN, and DVG). Here,

we simplify the model by assuming that DVN is equal to DVG

(denoted as DVG,N) in the nucleation and growth process,

and fixing n to 3, 2, and 1, respectively, leaving only two pa-

rameters A, and DVG,N in fitting the volume fraction data

according to Equations (7) and (12).

IV. RESULTS AND DISCUSSION

Figure 5 shows the evolution of the (110) reflection of

the B2 phase in the B1-B2 phase transition as a function of

pressure at various compression rates. Rapid compression on

KCl was carried out at different ramp rates in the sequence

from high compression rate to low compression rate. Before

each compression sequence, diffraction from the B1 phase

yielded homogeneous diffraction lines similar to those

observed in Fig. 5 for the B2 phase at compression rates of

0.37 GPa/s and 1.58 GPa/s. When a low compression rate of

0.034 GPa/s was applied, spotty patterns of the (110) peak of

the B2 phase in diffraction images were observed and then

grew with increasing pressure (time). This could be related

to grain growth under slow compression rate. The slow com-

pression resulted in large and inhomogeneous diffraction

spots, while rapid compression led to homogeneous diffrac-

tion rings. The compression-rate dependence in x-ray dif-

fraction images helps to provide constraints on the

nucleation and the growth rates of the B1-B2 phase transi-

tions in KCl.

After integrating two-dimensional x-ray diffraction

images, we obtain the x-ray diffraction patterns as a function

of pressure (time) at given compression rates, as shown in

Fig. 1. From this, we can obtain the relative intensities (I1/I2)

of the (200) reflection of the B1 phase and (110) reflection of

the B2 phase in the diffraction pattern. The Bragg diffraction

intensity (I) is determined by I¼C0*jFðhklÞj2*M(hkl)*L*

Aac*nmol*/Vunit cell, where C0 is a constant including the inci-

dent beam intensity, wavelength, and distance between sam-

ple and detector; F(hkl) is structure factor for reflection

(hkl); M(hkl) is multiplicity, L is Lorentz-polarization factor,

Aac is absorption coefficient, nmol is mole number of the

phase, Vunit cell is unit cell volume. Using this diffraction in-

tensity equation, the relative mole number (nmol(B1)/

nmol(B2)) can be calculated from the relative intensities (I1/

I2) of the (200) peak of the B1 phase and (110) peak of B2

phase. The volume fraction of the B2 phase at time (t) is

defined by f(t)¼V2(t)/(V1(t)þV2(t)), where V1(t) and V2(t)
are the volumes of the B1 and B2 phases at t, respectively.

V1(t) and V2(t) are equal to nmol(B1)*Vunit cell(B1) and

nmol(B2)*Vunit cell(B2). The unit cell volume is obtained

from experimental data. Converting from time to pressure,

we plot in Fig. 6 the volume fraction f(P) as a function

FIG. 5. Pressure (time)-dependent evo-

lution of x-ray diffraction images upon

compression qualitatively demon-

strates the dependence of the grain size

on the compression rates. It is obtained

by caking (unrolling) the two-

dimensional x-ray diffraction image

using Fit2D.49 The horizontal axis is a

narrow range of 2H. The vertical axis

is azimuth angle for each image at

given compression rate and pressure.

The compression direction is parallel

to the x-ray beam and perpendicular to

the azimuth angle.
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pressure for the B1-B2 transition at different compression

rates. It can be seen that the volume fraction generally gives

sigmoidal curves for fraction against pressure (or time) under

rapid compression, in which the fraction increases slowly at

first, then much more rapidly, and finally slowly again.

The experimental data can be well fitted using Eqs. (7)

and (12) at low compression rate (0.034 GPa/s) with an R-

square value of 0.999, as shown in Fig. 6. At high compres-

sion rates (13.5 GPa/s), the fitting results become slightly

worse with an R-square value of 0.995. This could be partly

due to experimental uncertainties arising from poorer tempo-

ral resolution at higher compression rates where we were

able to collect only a few data points throughout the transi-

tion. The approximations made in the model, such as a first

order approximation of activation energy and difference of

Gibbs free energy, or the linear change of pressure with

time, may be other reasons. Nevertheless, the resultant data

from the model provide an interesting general trend of corre-

sponding parameters (A and DVG,N) with compression rates

with n fixed to 3, 2, and 1. In Fig. 6, we only show the fitting

results for n¼ 3 to facilitate comparison between the different

compression rates. The fitting result with n¼ 2 is comparable

to that with n¼ 3 at low compression rate (0.034 GPa/s).

Above 0.034 GPa/s, n¼ 3 gives a better fitting.

According to Eq. (13), the natural logarithm of A (�ln(A))

is proportional to the activation energy (QN0þ nQG0), which

means that the trend of �ln(A) may be used to indicate the

energy barrier of the phase transition. Figure 7 shows the fitting

results of �ln(A) as a function of compression rate. It is found

that �ln(A) has a linear relationship with the natural logarithm

of compression rate (ln(k)) for a given n (n¼ 1, 2, and 3) under

rapid compression. With increasing compression rate, the acti-

vation energy decreases. For the B1-B2 phase transition,

�ln(A) with n¼ 2 has a slightly smaller value than that of

n¼ 3 at low compression rate (0.03 GPa/s). This may suggest

that the formation of nuclei near the grain boundaries and surfa-

ces has slightly smaller activation energy at low compression

rates, and heterogeneous nucleation could occur. This result is

in agreement with the findings by Hamaya and Akimoto from

static experiments.15 At high compression rates above 0.4 GPa/s,

it can be seen that the activation energy with n¼ 3 is smaller

than those with n¼ 1 and n¼ 2, implying that the heteroge-

neous nucleation is suppressed and homogeneous nucleation

is dominant at high compression rates.

Similar to the approach used in studying kinetics of the

temperature-induced phase transitions under rapid changes

in temperature,31,32 we define (QN0þ nQG0)/(nþ 1) as effec-

tive activation energy (Qeff). The linear relationship between

�ln(A) and ln(k), as shown in Fig. 7, leads to a linear rela-

tionship between Qeff and ln(k)

Qef f ¼ a�lnðkÞ þ b; (14)

where a and b are constants. This relationship implies that Qeff

across the transition under rapid compression varies linearly

with ln(k). It should be noted that Qeff in Eq. (14) is the total

effective activation energy of the nucleation and growth,

describing the transition process over the entire range of

transition pressure. It may be viewed by Qeff¼ SgP Q(P)dP,

FIG. 6. Volume fraction of the B2

phase as a function of pressure at differ-

ent compression rates. Black circle

symbols show the experimental data.

Red lines are the fitting results from

Equations (7) and (12) with n¼ 3 fixed.

NaCl was used as pressure marker.

FIG. 7. Relationship between �ln(A)) and ln(k). The parameter A is defined

in Eq. (13) and related to activation energy at a given k. The unit of k is

GPa/s. Uncertainties are shown to be less than or similar to the symbol sizes.
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where the integration is over the pressure range of the

phase transition, gP is a weight factor (0< gP< 1) which is

compression-rate dependent, and Q(P) is the average activation

energy for nucleation and growth at P and is compression-rate

independent. With increasing compression rate, Qeff is inver-

sely proportional to ln(k).

Another parameter obtained from the model is DVG,N

which is analogous to activation volume (see Eqs. (10) and

(11)). As shown in Fig. 8, DVG,N values are positive and dis-

play a general trend of decreasing with increasing compres-

sion rates. We note that DVG,N should be viewed as a total

averaged parameter that is analogous to average activation

volume across the entire phase transition. With the limited

experimental data and associated uncertainties, two different

relationships are assumed in fitting the DVG,N � k data. The

red dashed line in Fig. 8 is the fitted result by assuming a lin-

ear relationship between ln(DVG,N) and ln(k), while the blue

dot line is a linear fit between DVG,N and k. We will show

later that these two relations can be constrained using the

data of over-pressurization.

The effective activation energy (Qeff) and the averaged

activation volume (DVG,N) can be used for understanding the

experimental observables of the characteristic transition

time, the nucleation and growth, and the over-pressurization

across the phase transition at various compression rates.

Under rapid compression, the transition time is found to

decrease with increasing compression rate. Here, the transi-

tion time is defined by the time during which the B1 and B2

phases coexist at a given compression rate (k), with half of

the transition time referred to as the characteristic time (s) of

the B1-B2 transition. Fig. 9 shows the relationship between

ln(s) and ln(k) obtained from both the time-resolved x-ray

diffraction and high-speed imaging experiments. Data from

two different techniques are consistent with each other. We

find an approximately linear decrease of ln(s) with ln(k).

According to Eq. (14), Qeff across the phase transition

under rapid compression is linearly related to ln(k). If we

apply Qeff to the Arrhenius equation (Eq. (1)), the linear

relationship in Fig. 9 can then be derived from Eq. (1). This

applicability of Qeff suggests that the overall activation

energy of the B1-B2 transition in KCl under rapid compres-

sion may be reasonably well represented by Qeff(k) which is

compression rate dependent according to Eq. (14).

Nucleation rate is proportional to exp[�QN/kBT] and

QN�QN0þDVN*(P�P0) (Eq. 10). Using Qeff instead of

QN0, we can estimate the nucleation rate at various compres-

sion rates. Qualitatively, because Qeff decreases linearly with

increasing ln(k), nucleation rate may increase linearly with

increasing compression rates at the onset transition pressure,

which is in qualitative agreement with the observations

shown in Fig. 5. On the other hand, it should be noted that

the activation energy for heterogeneous nucleation (n¼ 2) is

close to the value for homogeneous nucleation at low com-

pression rate, or it could even be smaller than homogeneous

nucleation. This means that heterogeneous nucleation can be

more likely to occur on the grain boundary and surface and

be competitive with homogeneous nucleation (n¼ 3). This is

consistent with the static data by Hamaya and Akimoto.15

With increasing compression rate, the effective activation

energy for homogeneous nucleation decreases, which results

in the increasing likelihood of the homogeneous nucleation

in the grain interior and suppression of heterogeneous nucle-

ation. At this time, the effect of the grain boundary which

may have small activation energy for the formation of nucle-

ation for the B2 phase can be neglected.

Figure 10 shows the onset transition pressure, signified

by the first appearance of the B2 phase, as a function of the

compression rate. The over-pressurization can be divided

into two stages, namely, a steep initial increase at low k and

slight increase (or even plateau) at larger k. It indicates that

the over-pressurization is small at low compression rate but

increases rapidly. Above 0.4 GPa/s, the over-pressurization

is large but increases slowly with increasing compression

rates. Interestingly, these experimental observations provide

a good test of the relationship between activation volume

FIG. 8. DVG,N as a function of compression rates. Black triangles represent

results by fitting the volume fractions in Fig. 6 with n fixed at 3. The red

dashed line is the fitted result assuming a linear relationship between

ln(DVG,N) and ln(k). The blue dotted line is a linear fit between DVG,N and k.

FIG. 9. The relationship between characteristic time (s, in second) and com-

pression rate (k, in GPa/s). The natural logarithm of s and k are used. Black

squares represent the data from high-speed imaging experiments. Blue trian-

gles are from x-ray diffraction experiments under rapid compression. The

red dashed line is a guide for eye.

045902-7 Lin et al. J. Appl. Phys. 119, 045902 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  146.137.70.70 On: Thu, 11 Feb 2016 23:00:56



and the compression rate. As shown in Fig. 8, we are unable

to conclusively determine the relationship between DVG,N

and k, specifically, whether a relationship between

ln(DVG,N) and ln(k) holds, or rather a simple relationship

between DVG,N and k is appropriate. However, these two

relations provide a stark contrast for over-pressurization.

Our experimental results on over-pressurization clearly

favor a linear relationship between ln(DVG,N) and ln(k), as

shown in Fig. 10.

V. CONCLUSION

In summary, kinetics of the B1-B2 phase transition in

KCl has been investigated under rapid compression in a

dynamic diamond anvil cell using time-resolved x-ray dif-

fraction and fast imaging. Based upon JMAK theories, a

model is proposed to fit the experimental data of the volume

fraction which has sigmoidal curves as a function of pressure

(or time). The resulting parameters provide information on

the effective activation energy Qeff and the average activa-

tion volume DVG,N as a function of compression rate. It is

demonstrated that Qeff and DVG,N can be used for interpreting

several experimental observations such as compression-rate

dependent transition time and over-pressurization. Via fit-

ting, it is concluded that Qeff has a linear relationship with

the logarithm of compression rate. This can be used to inter-

pret the experimentally observed linear relationship between

the logarithm of transition time and the logarithm of the

compression rates. The experimentally observed over-

pressurization as a function of compression rate can be simu-

lated from the model when a linear relationship between

ln(DVG,N) and ln(k) is assumed.
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